Introduction
Engineering of supramolecular structures grown by spontaneous self-assembling on metallic surfaces is important in nanotechnology. 1 Molecules with well-defined shapes and multiple sites that engage in strong directional interactions are now widely used to build new ordered materials on surfaces. 2, 3 In this article we consider the ordered phases formed by terephthalic acid (TPA) molecules on Cu(001) surfaces at room temperature (RT) as a model system to investigate the subtle energetical balance between molecule-substrate interactions and intermolecular interactions. A 2 deep understanding of this balance is important to predict the physical-chemical properties of 2D supramolecular structures grown in surfaces. 4 TPA is the simplest case of rod-like polybenzene dicarboxylic acids, a family of molecules which has been widely used as linkers to build interesting 2D supramolecular structures. 5 The versatility of these molecules is strongly related to the carboxyl groups (RCOOH). It is well established that the RCOOH group usually remains intact upon adsorption on low-reactivity surfaces, such as Au(111) 6, 7 and graphite HOPG 8 surfaces. The group can lose the proton when deposited on more reactive substrates like, for example, Cu [9] [10] [11] [12] [13] [14] or Ag 15, 16 surfaces. In the first case, the neutral TPA molecules form highly-ordered supramolecular structures governed by strong [O-H· · · O] hydrogen bonds. 6 In the second case, deprotonation of carboxyl groups opens the route to metalorganic complexes offering a variety of possibilities to produce 2D magnetic networks based on Although the TPA/Cu(001) system has been widely applied to grow 2D supramolecular structures, there are important issues concerning the pure system which are still open. The phases formed by TPA molecules on the Cu(001) surface have been previously investigated by Stepanow et al. 12 by means of scanning-tunneling microscopy (STM), X-ray photoelectron spectroscopy (XPS), and near-edge X-ray absorption fine structure (NEXAFS). Three distinct ordered phases evolving with increasing temperature were observed. Deposition on samples kept at temperatures 3 below 230K produced the α phase which, according to the reported STM image, consists of thin and long molecular ribbons oriented along specific directions of the substrate. Both the anisotropic growth of the islands as well as the C 1s and O 1s XPS spectra taken on this phase are consistent with neutral TPA molecules interacting through [O-H· · · O] hydrogen bonds. Increasing the sample temperature to about 273 K produced the transformation of the low-temperature phase into a metastable ordered phase called β . It was speculated that this phase contains both complete and deprotonated carboxyl groups in equal amounts. At RT, a mixture of the β and γ phases was observed. The γ phase has a 3 × 3 periodicity and is composed by TPA molecules with the two carboxyl groups deprotonated (terephthalates). 23 Finally, a pure 3 × 3 phase was obtained after a mild annealing of the sample to 400K. bonds (eight bonds per molecule) has been regarded as the main driving force for the formation of the phase. 12 However, Ge et al. 23 did not observe any evidence for this type of H bonding in their high-resolution electron energy-loss spectroscopy (HREELS) spectra and, hence, suggested that TPA islanding may be due to surface-mediated attractive interactions. 4 As the atomic structure of the (3 × 3) has not been quantitatively investigated neither experimentally nor theoretically, the relative importance of these effects is not known.
The β phase is also interesting from the structural point of view since, in addition to the weak there is almost no quantitative information on this metastable phase in the literature so far. A quantitative knowledge of the structure would help to gain more understanding on the deprotonation process of the TPA molecules on the Cu(001) surface.
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In this work we performed a systematic and quantitative characterization of the atomic and electronic structures of the 3×3 and β phases by combining different experimental techniques, namely, LEED, STM, and high-resolution XPS (HR-XPS), with van-der-Waals DFT calculations. Our results allowed us to perform a detailed analysis of the competition between substrate/molecule interactions and hydrogen-bond interactions taking place in the TPA/Cu(001) system.
Methods

Experimental details
Two independent ultra-high vacuum systems were used to perform the experiments involved in this work. The LEED and STM experiments were carried out at Bariloche using an ultra-high vacuum system from Omicron-Nanotechnology. The HR-XPS experiments were carried out at the ALOISA beam line 25, 26 of the ELETTRA synchrotron, at Trieste.
The base pressures in both chambers were in the low 10 −10 mbar range. The Cu(001) surfaces were prepared by doing cycles of sputtering with Ar at 1.5 KeV and annealing at 770K. The TPA molecules ( Sigma-Aldrich, 98% purity) were used as received. In all cases analyzed in this work the TPA/Cu(001) samples were prepared by dosing TPA molecules (submonolayer range) on the substrate at RT. The molecules were evaporated from a resistivity heated BN crucible at a rate of about 0.1 monolayer (ML) per minute. We define 1 ML as the surface coverage corresponding to the 3 × 3 phase, i.e. a molecular coverage of 1 TPA molecule per 9 Cu atoms in the top surface layer. In ALOISA we checked the formation of the 3 × 3 phase as well as the quality of the clean Cu(001) surface by Reflection High-Energy Electron Diffraction (RHEED).
All the reported STM images were taken at RT (unless otherwise stated) using W tips. Negative sample bias voltages correspond to occupied-state images. The thermal drift was compensated during the measurements by applying the facility provided by the MATRIX software used to control the STM.
The HR-XPS data were obtained using a p-polarized X-ray beam at grazing incidence (about 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 4 • ). The spectra, taken with a photon energy of 655 eV, were measured in normal emission by means of a hemispherical electron analyzer with angular acceptance of 2 • and an overall energy resolution of 300 meV. Four energy windows centered on the regions of the Fermi edge and the Cu 3p, C 1s and O 1s core levels, were typically acquired by means of a 2D delay-line detector. 27 
Theoretical details
The DFT calculations were performed using the Quantum-ESPRESSO package, 28 which is an implementation of the plane-wave with ultrasoft-pseudopotentials approach. The exchange-correlation effects were treated using the second version of van der Waals density functional (vdW-DF) 29 with improved exchange. 30 For the surface calculations we have used the slab method, with four Cu layers representing the surface and an equivalent vacuum size of seven layers. For all the calculations, we fixed the two lower layers while all other atoms are allowed to relax. We used a wave-function/charge cutoff of 30/300 Ry, and Brillouin integrations were done using a grid of 15 × 15 × 1, 5 × 5 × 1 and 3 × 3 × 1 k-points for the unit cell, the 3 × 3 supercell and the 5 × 5 supercell respectively.
For a given configuration corresponding to N molecules adsorbed on the surface, the mean adsorption energy per molecule is calculated by
where: E total is the total energy of the system with the adsorbed molecules; E surface is the total energy of a clean surface with the same area; N H is the number of dissociated H atoms, with E ads (H) = 0.18 eV its corresponding adsorption energy on the Cu(001) surface; and E TPA is the total energy of an isolated TPA molecule.
In all the calculations we have applied the dipole correction, that takes into account the possible dipoles that can appear on the surfaces. 31 As the two surfaces of the slab are not equal, the lower one clean while the upper one with adsorbed molecules, the difference in the surfaces dipoles is 6 From a detailed analysis of the patterns in Figures 2(a) and 2(b), we concluded that they correspond to a (9 √ 2 × 2 √ 2)R45 • superstructure (9 √ 2 from hereafter). This fact can be corroborated by comparing the experimental patterns with the simulated one in Fig. 2 (e). The spots which can not be explained by the 9 √ 2 superstructure correspond to the (3 × 3) phase.
STM. Figure 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 where no further bombarding with the LEED electron beam was done. Remarkably, this area of the surface was scanned along several hours at RT and we did not detect any transformation to the 3 × 3 one. In agreement with the LEED results, the STM experiments show that the β phase covers most of the surface, even when it was always found coexisting with 3 × 3 islands.
In order to determine the unit cell of the β phase we used STM images where domains of the (3 × 3) phase are also seen. These kind of images allowed us to perform a precise correction of the remaining distortions of the images, since we could take the (3 × 3) superstructrure as a reference. We determined that the unit cell of the β phase is rectangular (α = 90 • ± 1 • ) with sides of 7.3 ± 0.5 Å and 34 ± 2 Å . These values agree very well with the corresponding exact values of the 9 √ 2 unit cell ( 7.22 Å and 32.50 Å ) giving support to the conclusions derived from the LEED experiments. We note that neither the STM images nor the LEED pattern of the β phase are consistent with the 2 −2 4 5 unit cell proposed by Stepanow et al. 12 Finally, as we shall show in the next section (see Figure 11 ), there are four molecules in the unit cell and, therefore, the coverage of the phase is 1 TPA molecule per 9 Cu atoms of the first substrate layer. Notably, the 9 √ 2 phase has exactly the same molecular coverage as the 3 × 3 phase (from this point we will refer to "β phase" as " 9 √ 2 phase" )
The STM image of Figure 3 (a) also illustrates about another interesting effect systematically observed in our images: the straightening of monoatomic surface steps along the < 100 > crystallographic directions induced by the adsorption of the TPA molecules for submonolayer coverages.
This is contrast to the fact that for Cu(001) surfaces the energetically more stable steps are those aligned along < 110 > directions. We note that a similar effect was observed for submonolayer coverage of tetrafluoro-tetracyanoquinodimethane (F-TCNQ) adsorbed on Cu(001) surfaces. 34 The re-orientation effect is illustrated with more detail in Figure 3 TPA molecules with the Cu atoms at the steps is responsible for this effect. These observations would be related to the origin of the multi-step squared-shape terraces recently reported by Tait et.al. for a saturated monolayer of TPA on Cu(001). 35 In addition, Figure 4 shows a TPA/Cu(001) surface after annealing the sample to 400K for a few minutes. The resulting surface is composed of monoatomic squared-shape terraces with their delimiting steps aligned along the < 100 > crystallographic directions of the substrate; the average size of the terraces is around 300 × 300 Å 2 . Islands of the 3 × 3 phase cover the upper surface of the square terraces. Also, it can be seen in this image that the straight segments of the steps are decorated by molecules. We therefore conclude that the typical annealing used to obtain the 3 × 3 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 phase in fact produces a surface with a high-density of surface steps oriented along the < 100 > crystallographic directions. The observed drastic change of the surface morphology with annealing at 400K is probably related to the thermal dependence of the diffusion of the Cu atoms at the steps, which is a thermally activated process. Kinks are known to reach a high mobility at 360 K in Cu(001) surfaces. 36 XPS. As discussed above, the 9 √ 2 phase covers most of the surface when submonolayer amounts of TPA molecules are adsorbed on Cu(001) at RT. This situation was observed to be stable for a few hours, provided the surface were not irradiated with the primary electron gun of the LEED. These properties of the 9 √ 2 phase allowed us to characterize it by means of HR-XPS. Figure 5 shows the O 1s XPS spectrum obtained after adsorbing the TPA at RT (lower one), together with 3 spectra measured after annealing the prepared sample during 5 minutes at different temperatures. The four spectra were normalized to the intensity of the corresponding Cu 3p peak and, therefore, their relative intensities are comparable. To calibrate the binding energy of each spectrum we considered both the Fermi level edge and the Cu 3p peak.
Therefore, the lower spectrum in Fig. 5 is representative of the 9 √ 2 phase. The upper spectrum, in turn, corresponds to the 3 × 3 phase of the system, as checked by RHEED. The spectrum of the 9 √ 2 phase presents, apart from the prominent peak centered around 531 eV that corresponds to
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 carboxylates, a clear shoulder towards higher binding energies (which extends up to about 534 eV) which strongly suggests the existence of complete carboxyl groups, as proposed by Stepanow et al. 12 Figure 5: Series of O1s spectra of a submonolayer amount of TPA adsorbed on Cu(001) at RT as a function of the annealing temperature of the prepared sample. The lower and upper spectra are representative of the 9 √ 2 and 3 × 3 phases, respectively.
In Figure 6 we shows a component analysis of the O 1s spectrum representative of the 9 √ 2 phase. We used three Voigt functions and a Shirley-type background to fit the experimental spectrum. The optimized parameter values obtained for components I, II and III are the following. should contain the contribution of the C=O groups although, however, it could also include the contributions of other chemically-inequivalent O atoms of the 9 √ 2 structure, as suggested by the simulated O1s spectrum shown in the inset. We shall discuss the simulated spectrum in the next section. The O 1s spectra in Figure 5 show the irreversible transition from the partially-protonated 9 √ 2 phase to the fully-deprotonated 3 × 3 induced by temperature. Notice that annealing the sample to 313K does not produce any noticeable change on the O 1s peak while, in turn, the annealing to 343K produces a clear reduction of the shoulder and, at the same time, an increment of the mainpeak intensity. Notably, a quantitative analysis of the spectra indicates that the total area under the normalized O 1s spectra remains constant during the transition, as expected for a transition between two phases with the same molecular coverage. We therefore conclude that the transition involves the following two processes: i) the deprotonation of the carboxyl groups remaining in the 9 √ 2 phase and ii) the eventual re-arrangement of the molecules into the 3 × 3 configuration.
DFT calculations
In order to gain more understanding on the physical-chemical processes taking place at the molecule/substrate interfaces formed by this system we carried out a thorough theoretical study of the adsorption of 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 the TPA molecules on the Cu(001) surface. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 molecule there is a rather strong O-Cu bonding. Having studied the case of isolated molecules, the next step is to study the energetic and the properties of the (3 × 3) phase. In a 3 × 3 supercell there is no enough space for the molecule in the [110] orientation and therefore the molecular configuration must be the one shown in Fig. 1 .
In this superstructrure, the optimized adsorption geometry of the molecule is very similar to the Therefore, by comparing the experimental and simulated images, we can conclude that the spots in the negative bias STM images are elongated perpendicular to the long molecular axis.
For the molecular configuration in the 9 √ 2 phase, the high-resolution STM image shown in the upper part of Fig. 11 , as well as the one in Fig. 4(b 37 In Fig. 12 we show the four relaxed configurations which have the highest adsorption energy, 17 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 59 60 atoms respectively. We can see that the O d1 atoms are displaced upwards significantly due to the formation of the hydrogen bond.
In order to further elucidate the contributions of the O p2 and O d1 atoms to the XPS O1s spectrum ( Figure 6 ), we calculated the relative shifts of O1s levels of all O atoms in the unit cell. This relative core level shifts are calculated as total-energy differences of the same system containing a core hole at different positions. 40 In this way, the screening of the hole in the final state is taken into account. The core hole is described by means of a pseudopotential for O generated with a hole in the 1s level. Relative to the O p1 1s level, we obtain values of 1.18 eV, 1.35 eV and 1.58-1.69 eV for the O p2 , O d1 and O d2 1s levels respectively. We note that the shift higher than 0.2 eV between the core levels of the O d1 and O d2 atoms reflects the differences between the corresponding Cu-O bond lengths discussed above. In the inset of Figure 6 , we show a simulated XPS spectrum using for each O peak a gaussian function with a width of 0.5 eV. It reproduces qualitatively well the experimental O 1s core level spectrum of the 9 √ 2 phase. Even when the calculated chemical shifts for the O p2 and O d2 1s levels are systematically lower than the values expected for C=O and for carboxylate groups relative to OH peak, we can expect an experimentally-distinguishable shift of the O d1 peak with respect to the peak positions of the O d2 atoms. This effect might explain the shift of 1.6 eV and the higher intensity of component II with respect to component III.
Finally, from the relaxed structure of this configuration for the 9 √ 2 phase (Fig. 13) , we sim-
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The Journal of Physical Chemistry   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 ulated STM images for positive and negative bias voltage V b . Fig. 11 compares the simulation obtained for V b = −2.0 V with an experimental image taken at RT for the same bias voltages. In the simulated images the spots corresponding to the semi-deprotonated molecules are brighter than the spots of the totally deprotonated molecules. This difference comes from the OH groups which in the relaxed structure are higher from the surface than the C-ring. In the experimental images shown in Fig. 11 , there is no appreciable difference in brightness between lines of spots. However, several other images present this effect as we show in Fig.14 . This image presents a region where we clearly see alternate lines with brighter spots, and the abrupt change in the top of this region points to an effect due to the STM tip. 
Discussion
We show in Fig. 15 a comparative deprotonated TPA molecules in the unit cell, oriented as in the 9 √ 2 phase but with a more compact arrangement, as can be seen in Fig. 16 . Remarkably, the c(3 × 5) phase recently reported by Tait et al. 35 for the TPA/Cu(001) system most probably corresponds to the (2 √ 2 × 4 √ 2)R45 • structure found in this work. In addition, a similar structure has also been recently observed for TPA molecules adsorbed on Cu(110). 37 Although with the (2 √ 2 × 4 √ 2)R45 • structure there is no gain in adsorption energy with respect to isolated molecules, it corresponds to the lying down phase with the highest possible molecule coverage. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 On the other hand, it was recently shown that, in the case of 7,7 ,8,8-tetracyanoquinodimethane (TCNQ) adsorbed on Cu(001) surfaces, the buckling of the first substrate layer induced by the strong bonds formed between the cyano groups and the Cu atoms plays a determinant role in the molecular self-assembly. 4 It was shown that in this case the increase of the surface elastic energy produced by the buckling is the driving force for a strong surface-mediated attractive intermolecular interaction which leads to the molecular islanding. Our calculations for an isolated deprotonated TPA molecule (see figure 7 ) predict important vertical displacements (∼0.12 Å ) of the Cu atoms underneath the adsorbed molecule and, therefore, we can expect important surface-mediated intermolecular interactions also in the case of the 3 × 3 phase. As mentioned in the introduction section, Ge et al. 23 reported that no evidences of [C-H· · · O] bonds were detected in their HREELS spectra of the 3 × 3 phase and, hence, it was suggested that the TPA islanding may occur due to surface-mediated attractive interactions. Our theretical results are consistent with the proposed hypothesis. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58 figure   13 ) is displaced upwards due to the formation of the hydrogen bond, significantly reducing the interaction with the Cu atom beneath. In turn, O p2 atoms in the RCOOH groups get closer to their nearest-neighbor Cu atom achieving a bond distance close to that found in the relaxed 3 × 3 phase.
The obtained O-Cu distances for the relaxed structure reflect something that emerged from the theoretical analysis of the isolated molecules: despite the fact that the O p2 atoms belong to protonated carboxyl groups, the O p2 -Cu distance turned out to be practically the same as the O d2 -Cu one. Furthermore, they are close to the O-Cu distance (2.01 Å) obtained for the 3 × 3 phase. in the 9 √ 2 structure is 2.57 Å while the calculated OHO angle is 177.9 • . On the other hand, the distance between O atoms in the TPA crystal was experimentally determined to be 2.61 Å. 41 We note that, although the optimal orientation both for isolated molecules (by 0.20 eV) and for the 3 × 3 phase was determined to be the < 100 > one, the four molecules in the 9 √ 2 unit cell are oriented along the < 110 > and equivalent directions. We can then conclude that the formed [O-H· · · O] bonds are able to compensate the energy cost of a more expensive azimuthal orientation.
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The network of [O-H· · · O] bonds thus play an essential role in the stabilization of the 9 √ 2 phase.
Finally, the strong interaction between the O atoms in carboxylates and the Cu atoms in the steps produces the reorientation of the steps along the < 100 > directions. Notably, our STM images indicate that the molecules adsorb at the lower edge of the steps with their long axes oriented as in the 9 √ 2 phase, i.e. along < 110 > directions. It is interesting to note that, although the adsorption of the molecules at RT produces an important mass transport in the surface, neither the 3 × 3 nor the 9 √ 2 phase contains Cu adatoms in their structures.
Conclusions
The main conclusions derived from this study are the following. Our theoretical results indicate the formation of strong bonds between the O atoms in carboxylates and the Cu atoms of the surface, which causes a bending of the molecules and a buckling of the first Cu layer. In the 3 × 3 phases, it was shown that the bending produces observable effects in the molecular STM images. It was also observed that the strong interaction between the carboxylates and the Cu atoms at the step edges causes the reorientation of the surface steps along the < 100 > crystallographic directions.
Regarding the metastable β phase, it was experimentally determined that it has a (9 √ 2 × 2 √ 2)R45 • unit cell and exactly the same molecular coverage as the 3 × 3 phase (1 TPA molecule per 9 Cu atoms in the first surface layer). When TPA molecules are deposited on the Cu(001) sample kept at RT, most of them adopt the 9 √ 2 × 2 √ 2)R45 • structure; this situation was found to be stable during several hours. The lowest-energy structure theoretically found for the (9 √ 2 × 2 √ 2)R45 • phase contains two totally deprotonated molecules and two semideprotonated molecules in the unit cell (see Fig. 13 ). 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 groups remaining in the metastable phase and ii) re-arrangement of the molecules into the 3 × 3 configuration.
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